Botulinum neurotoxin (BoNT) is produced by Clostridium botulinum and associates with nontoxic neurotoxin-associated proteins to form high-molecular weight progenitor complexes (PCs). The PCs are required for the oral toxicity of BoNT in the context of food-borne botulism and are thought to protect BoNT from destruction in the gastrointestinal tract and aid in absorption from the gut lumen. The PC can differ in size and protein content depending on the C. botulinum strain. The oral toxicity of the BoNT PC increases as the size of the PC increases, but the molecular architecture of these large complexes and how they contribute to BoNT toxicity have not been elucidated. We have generated 2D images of PCs from strains producing BoNT serotypes A1, B, and E using negative stain electron microscopy and single-particle averaging. The BoNT/A1 and BoNT/B PCs were observed as ovoid-shaped bodies with three appendages, whereas the BoNT/E PC was observed as an ovoid body. Both the BoNT/A1 and BoNT/B PCs showed significant flexibility, and the BoNT/B PC was documented as a heterogeneous population of assembly/disassembly intermediates. We have also determined 3D structures for each serotype using the random conical tilt approach. Crystal structures of the individual proteins were placed into the BoNT/A1 and BoNT/B PC electron density maps to generate unique detailed models of the BoNT PCs. The structures highlight an effective platform that can be engineered for the development of mucosal vaccines and the intestinal absorption of oral biologics.
B
otulinum neurotoxin (BoNT) is produced by various strains of Clostridium botulinum, Clostridium butyricum, and Clostridium baratii and is the most potent toxin known. BoNTs are classified into seven serotypes (A-G) based upon serotype-specific antibody neutralization, and DNA sequencing has revealed multiple subtypes within each serotype (1) . The BoNTs are synthesized as single-chain proteins that are proteolytically cleaved into di-chain proteins, consisting of a 50-kDa light chain (LC) and a 100-kDa heavy chain (HC) (2, 3) . The HC binds receptors on the presynaptic neuron in the neuromuscular junction and directs the LC into the neuronal cell cytosol. The LC is a zinc metalloprotease that cleaves components of the synaptic membrane fusion complex and blocks neurotransmitter exocytosis (4) . This inhibition of acetylcholine release in neuromuscular junctions results in the flaccid paralysis associated with botulism.
In adults, the most common form of botulism results from ingestion of BoNT contaminated food, whereas in infants, the disease typically results from C. botulinum colonization and in situ BoNT production in the gut (5) . In the case of food contamination, BoNT has to survive passage through the low pH environment of the stomach. In both cases, BoNT must resist protease degradation in the intestine, cross the epithelial barrier of the digestive tract, and gain access to the nerve ending targets through the blood and lymph circulatory systems (6) .
To maintain the activity of BoNT under these conditions, organisms that produce BoNT also produce one or more neurotoxin associated proteins (NAPs) that noncovalently associate with the neurotoxin to form progenitor complexes (PCs) (7) . The PCs have been shown by ultracentrifugation to adopt three sizes: 12S (∼300 kDa), 16S (∼500 kDa), and 19S (∼900 kDa) (reviewed in ref. 7) . The genes for the neurotoxin and its NAPs are located in the same locus ( Fig. 1A) (8) . The NAPs include three hemagglutinin (HA) proteins (HA1, HA2, and HA3, named for their capacity to agglutinate red blood cells) and a nontoxic, nonhemagglutinin protein (NTNH). Type A2, E, and F strains do not have the HA genes and only produce the 12S PC, a noncovalent complex of BoNT and NTNH. Types B, C, and D strains produce the 12S and 16S PCs. The 16S PC includes BoNT, NTNH, HA1, HA2, and HA3. Type A1 strains produce 12S, 16S, and 19S PCs. The 19S PC may represent a dimer of 16S complexes.
The oral median lethal dose (MLD 50 ) of BoNT decreases as the size of the PC increases, suggesting that the NAPs play a role in promoting BoNT passage through the gastrointestinal tract (9) (10) (11) . A recent structure of a 12S complex shows how BoNT/A1 and NTNH/A1 bind each other in an interlocked complex that protects the BoNT from acidic and proteolytic degradation (Fig. 1A ) (12) . However, the role of the NAPs in promoting transport through epithelial cells is more controversial. Whereas the NAPs do not appear to effect the transport efficiency of iodinated BoNT in transcytosis experiments (13, 14) , experiments in a guinea pig model suggest that only the 16S form of the BoNT/C PC is absorbed from the intestine and released into the serum (15) . Mechanisms for how the HA proteins could enhance intestinal absorption involve their capacity to bind mucins (16, 17) , bind intestinal microvilli (18) , and disrupt the paracellular barrier (19) . Crystal structures of HA1 and an HA3 trimer in complex with carbohydrates reveal sites where these molecules could bind mucins and sialylated gangliosides and/or glycoproteins of the epithelial cell surface (20, 21) . Despite these observations, there is limited information regarding the architecture of the BoNT 16S and 19S PCs. A 2D electron crystallography study of the BoNT/A1 19S PC suggested features with trigonal symmetry (22) , and individual electron microscopy (EM) micrographs of the BoNT/D 16S PC suggested that the complex has three extended "arms" (23) . Here, we have generated 3D reconstructions of the BoNT/A1, /B, and /E PCs, building on a series of 2D class averages obtained by single particle EM and using the random conical tilt (RCT) approach (24) .
Results
Visualization of BoNT PCs by Negative Stain EM. BoNT/A1, /B, and /E PC were adsorbed to carbon-coated glow-discharged grids and stained with uranyl formate. EM micrographs revealed monodisperse macromolecular assemblies suitable for additional structural analysis for all three serotypes. Examination of BoNT/ A1 and /B PCs revealed particles composed of an ovoid-shaped "body" attached at one side to three extended arms (Figs. 1 B and C and 2A; see Fig. 4A ). Although BoNT/E PC particles shared the same ovoid-shaped body, they lacked the extended arms (Fig.  1D ). To more closely examine the organization of the PCs, image pairs of BoNT/A1, /B, and /E were collected so that the 3D structure of each serotype could be determined using the RCT approach.
BoNT/A1 PC Is a Flexible Three-Armed Structure. Image pairs of grids containing negatively stained BoNT/A1 PC were recorded at tilt angles of −55°and 0°. A total of 15,507 pairs of particles were selected, and images of the untilted specimens were classified into four class averages (Fig. 2B) . Each class revealed a "pincherlike" feature at the end of the arms; however, unlike the raw images that clearly showed particles with three extended arms (Figs. 1B and 2A), only two arms were visible in the averages (Fig. 2B) . To attempt to resolve the third arm apparent in our raw images, we expanded the number of classes to 50. (Fig. S1 ). As expected, when the particles were sorted into a larger number of classes, we began to observe averages containing three arms, although one of the three arms was always less resolved than the other two. In addition, from this group of 50 class averages we noticed that the particles adsorb to the carbon film in two distinct orientations. One is a "flat" orientation that is composed of an ovoid body with two well-defined arms (Fig. S1 , black star) and the other is a "prong" orientation that contains an ovoid body with only one well-defined arm (Fig. S1, white star) . A majority of the averages (containing ∼90% of the total particles) are in the flat orientation, whereas the remaining averages (containing ∼10% of the total particles) are in the prong orientation.
To generate better resolved prong averages, we selected 12 class averages from our analysis using 50 classes (Fig. S1 , black dots) and used these for a further round of reference-based alignment (Fig. 2C) . In an effort to generate averages containing an ovoid body with three well-resolved arms, the particles were sorted into groups of 100, 200, or 300 classes. When divided into 300 classes, the third arm is visible in a third of the class averages; however, each class contains only a small number of particles making the averages noisy and not suitable for 3D reconstructions. When comparing distinct classes composed of particles either in the flat or prong view, it is clear there is significant flexibility in the orientation of the pinchers relative to the arms and the orientation of the arms relative to the ovoid body (Movies S1 and S2) and suggests that flexibility is an intrinsic feature of the BoNT/A1 PC.
The conformational heterogeneity made it difficult to generate well-populated classes containing three well-resolved arms. There- fore, we opted to calculate two 3D reconstructions using tilted images either associated with a class average in the flat orientation ( Fig. 2B , black star) or associated with a class average in the prong orientation (Fig. 2C , black star) using the RCT approach. Both reconstructions led to well-defined 3D structures that contained features seen in the 2D averages ( Fig. 3 A and B) , suggesting that the 3D reconstructions were successful. The overall features of the structure generated from the flat-view particles (Fig. 3A) are better resolved than the features seen in the structure generated from the prong-view particles (Fig. 3B ). This is due to the larger number of images in the flat projection average (5,019) than in the prong projection average (1,114). We aligned our two 3D reconstructions (flat and prong structures) to produce a 3D model of the three-armed BoNT/A1 PC ( Fig. 3C and Movie S3). Our model shows a triangular plate and V-shaped pinchers assembled at one end of an ovoid-shaped body and thus agrees well with the threearmed complex we observed at the single particle level in our EM micrographs ( Fig. 2A) .
The observed geometric features of ovoid body, triangular plate, and V-shape pinchers correlate with the shapes observed in the high-resolution crystal structures of the BoNT/A1-NTNH complex (12) , the BoNT/C HA3 trimer (18) , and the BoNT/D (HA1) 2 -HA2 trimer (16) , respectively (Figs. 1A and 3D and Movie S3). Whereas the EM structure is not at a resolution that would permit a detailed docking analysis, the BoNT/D (HA1) 2 -HA2 trimer could easily be placed into the pinchers and the BoNT/C HA3 trimer was placed into the triangular plate of the electron density map. The orientation of the BoNT/C HA3 trimer was guided by the fact that the BoNT/C HA3 proteins, when viewed from the side, form a shallow "W" shape consistent with features we observe in our structure (Fig. S2) . Although it was clear that the remaining ovoid body corresponded to the BoNT/ A1-NTNH complex, there were two possible ways to orient the crystal structure of the complex within our density map. The genes encoding BoNT/A1 and NTNH are thought to have emerged from a gene duplication event, and the structures of these two molecules are similar (12) . In one scenario, the BoNT/ A1 LC would make contact with the HA3 triangular plate, whereas the LC equivalent of the NTNH (nLC) would form the base of the ovoid body. In the other scenario, the nLC would be in contact with the HA3 trimer, whereas the BoNT LC was at the distal end of the complex. To distinguish between these two possibilities, we labeled the PC with a BoNT/A1 LC-specific monoclonal antibody (4LCA) (25) . We observed consistent and efficient labeling of the distal end of the ovoid body ( Fig. 3E and Fig. S3 ) thus confirming the placement where the nLC interacts with the HA3 trimer. The placement of the crystal structures (Fig. 1A) into the two-arm and three-arm structures of the BoNT/A1 PC is shown in Fig. 3D and Fig. S4 , respectively. (Figs. 1C and  4A ), although the sample appeared to be more heterogeneous with PC assembly or disassembly intermediates evident as single particles. Image pairs were collected at tilt angles of −55°and 0°a nd a total of 11,765 particles were selected. The untilted particles were initially sorted into 75 classes and averaged (Fig. S5) . In addition to a flat view, like we observed with the BoNT/A1 PC, we observed complexes where one or more of the components seemed to be missing (Fig. S5, colored boxes) . A total of 19 classes representing the range of complexes observed in the sample was selected for multireference alignment (Fig. S5, black dots) . A class containing 2,614 particles that clearly showed the main body with two of the three arms well resolved was selected for 3D reconstruction (Fig. 4B, black star) . The face view of the density map closely resembles the projection map, suggesting a successful 3D reconstruction (Fig. 4C) . The overall BoNT/B PC reconstruction resembles that of the BoNT/A1 PC. Independent placement of the crystal structures (Fig. 4D) suggests that the BoNT/A1 and BoNT /B PCs have a similar structural organization.
BoNT/E PC Resembles the Ovoid Body Observed in BoNT/A1 and BoNT/B Complexes. Negative stain EM micrographs of the BoNT/E PC show a macromolecular assembly that closely resembles the ovoidshaped body observed in the BoNT/A1 and BoNT/B PCs (Fig.  1D) . The smaller particles are consistent with the description of BoNT/E PC as a 12S complex and the fact that the BoNT/E gene locus does not have the HA operon. Image pairs were collected at tilt angles of −55°and 0°and a total of 7,792 particles was selected. The untilted particles were sorted and averaged in 10 classes (Fig. S6 ) that revealed classes resembling the ovoid body of the BoNT/A1-NTNH/A1 complex and classes that likely represent dissociated BoNT/E or NTNH/E monomers. Four classes were selected for multireference alignment (Fig. S6, black dots) . A class containing 4,518 particles that clearly showed the ovoid body was selected for a 3D reconstruction (Fig. 5A, black star) . The face view of the density map resembles the projection map, suggesting a successful 3D reconstruction (Fig. 5B) . We could not unambiguously place the BoNT/A1 12S PC crystal structure into the 3D reconstruction of the BoNT/E 12S PC, because we lacked an antibody that could be used to determine which end corresponded to the BoNT/E LC and which end corresponded to the nLC of NTNH/E. However, the symmetry of the BoNT/E 12S structure (Fig. 5B ) and the similarity with the ovoid bodies observed in the structures of the BoNT/A1 (Fig. 3 A and C) and BoNT/B (Fig. 4C ) PCs suggest that BoNT/E is capable of binding NTNH/E in a conformation similar to how BoNT/A1 binds NTNH/A.
Discussion
Our study provides unique 3D descriptions of the BoNT/A1 16S PC, the BoNT/B 16S PC and the BoNT/E 12S PC. Our data suggest that the BoNT/A1 PC adopts a flexible three-armed structure with a BoNT:NTNH:HA1:HA2:HA3 stoichiometry of 1:1:6:3:3. A BoNT/A1 PC with this stoichiometry has a calculated molecular weight of ∼760 kDa, halfway between the estimates provided by centrifugation studies (500 kDa for the 16S PC and 900 kDa for the 19S PC). The BoNT/A1 PC structure ( Fig. 3 A and D) resembles the BoNT/B PC structure (Fig. 4 C  and D) as well as the model put forth by Hasegawa et al. (23) based on electron micrographs of the BoNT/D PC. We interpret this similarity to mean that the BoNT/A1 PC structure is in the 16S form. No evidence of dimers or larger complexes was observed in our analysis of the BoNT/A1 PC sample and could reflect dissociation of the 19S PC at low concentrations (26) .
In addition to dissociation of the 19S complex, there are reports that document the reversible assembly and disassembly of components in the smaller complexes (27, 28) . We observed this in our analysis of the BoNT/B PC sample, which had structures resembling the (i) BoNT-NTNH ovoid body, (ii) BoNT-NTNH bound to an HA3 trimer, or (iii) BoNT-NTNH-(HA3) 3 associated with either 1, 2, or 3 (HA1) 2 -HA2 assemblies (Fig. S5) . In vitro, the complexes are known to be pH sensitive, with disassembly occurring at pH ≥ 7.5 (29) (30) (31) . What occurs in the context of the small intestine is less clear. Some reports suggest that the BoNT will be fully released from the NAPs in the small intestine (the pH of the duodenum is ∼7.0), and there is evidence documenting the capacity of the BoNT to cross the epithelial barrier in the absence of the NAPs (13, 14, 32) . Experiments in pH 7 rat intestinal juices, however, indicate that the PC does not dissociate (33) . Whole PCs are capable of being absorbed from the intestine into the lymphatics in a rat ligated duodenum loop assay (34), consistent with the hypothesis that the NAPs contribute to absorption in the intestine (35) .
There are now strong data to support the role of NTNH in protecting the BoNT from acidic and proteolytic degradation in the digestive tract (12) . These data are consistent with the 10-to 20-time enhancement in oral MLD 50 when the 12S PC is compared with the neurotoxin alone (9) . We know that the addition of the HA proteins to form the larger 16S PC enhances the oral MLD 50 even further (the BoNT/A1 16S PC is 1.6 times more potent than the BoNT/A1 12S PC and the BoNT/B 16S PC is 733 times more potent than the BoNT/B 12S PC) (9) . Our structures of the BoNT/ A1 and BoNT/B 16S PCs indicate that the HAs have no direct contact with the BoNTs and suggest that the HAs do not play a "protective" role but instead contribute to intestinal absorption.
The HA proteins could contribute to intestinal absorption by enhancing adhesion of the BoNT PC to mucins or the cell surface, disrupting the epithelial barrier, or facilitating transcytosis (35) . The HAs bind a variety of sialo-and asialooligosaccharides. Binding studies using a glycoconjugate microarray indicate that HA3/C preferentially recognizes α2-3 and α2-6 sialylated sugars, and the binding site for these sugars has been elucidated by X-ray crystallography (21) (Fig. 6B) . N-acetylneuraminic acid, N-acetylgalactosamine (GalNAc), and galactose block the binding of HA1/C to mucins, and crystallography has revealed a common site where these sugars can bind (20) . Galactose and GalNAc are also capable of binding a second site on HA1/C (20, 36) . These binding sites could represent points of contact between the BoNT/C PC and mucins, glycolipids, or glycoproteins within the intestine. Whereas cocrystal structures of the HAs from /A1 and /B strains with sugars are not yet available, the second sugar binding site in HA1/C has been implicated in the sugar binding properties of HA1/A (36, 37). Importantly, each binding site is accessible in the models we have generated of the BoNT/A1 and BoNT/B 16S PC (Fig. 6 A, D, and E) .
The BoNTs are also known to interact with sialic acid containing sugars, and the interaction with G T1b gangliosides is known to be important in the dual-receptor model, in which BoNT uses a ganglioside and protein to mediate interaction with the neuronal cell surface (38) . The G T1b binding pocket has been defined by X-ray crystallography (39) and is accessible in the context of the 16S PC structure (Fig. 6 C and E) . Because G T1b gangliosides are present in epithelial cells of the small intestine, this interaction could contribute to adhesion as well. At the neuromuscular junction, synaptic vesicle protein (SV2) and synaptotagmin II (SytII) are the presynaptic protein receptors for BoNT/A1 and BoNT/B, respectively (40) (41) (42) , but the relevance of these receptors in the intestine is not clear. We note that the SytII binding site for BoNT/B (43, 44) is fully accessible in the context of the 16S PC structure (Fig. 6 C and E) .
Our structural studies have shown that the BoNT/A1 and BoNT/B 16S PCs are flexible three-armed structures. The fact that the HA proteins do not interact directly with the BoNT suggests that they are not required for toxin protection but may be important for multivalent binding interactions with mucin and/or the epithelial cell surface. It is tempting to speculate that the flexibility we observed in the analysis of the BoNT/A1 PC (Movies S1 and S2) allows the complex to effectively "sample" the intestinal surface and improve the chances of absorption of the toxin before high pH dissociation of the complex and proteolytic degradation of the neurotoxin. Our description of the BoNT PCs and the provisional model whereby HA proteins contribute to the delivery of BoNT to the intestinal epithelium provide a platform for optimizing the intestinal delivery of orally administered polypeptide vaccines and therapeutics.
Methods
Specimen Preparation and EM. The BoNT/A1, /B, and /E PCs were purified by List Biological Laboratories and stored in lyophilized form. The purity of the BoNT/A1 and /B PC at the time of purification is indicated by SDS and native gels (Fig. S7 ) The samples were hydrated with water to yield solutions that were 0.1 mg/mL protein, 20 mM Hepes, pH 6.8, and 1.25% (wt/vol) lactose. The samples were further diluted to 50 μg/mL in 20 mM Hepes, pH 6.8. Uranyl formate [0.7% (wt/vol)] was used for conventional negative staining as previously described (45) . Images of the BoNT/A1, /B, and /E PCs were recorded using a Tecnai F20 electron microscope (FEI) equipped with a field emission electron source and operated at an acceleration voltage of 200 kV. Images were taken under low-dose conditions at a magnification of 67,000× using a defocus value of −1.5 μm. Images were recorded on a Gatan 4K × 4K CCD camera. Images were converted to mixed raster content format, and binned by a factor of 2, yielding final images with 3.5 Å/pixel. Images of the tilted and untilted BoNT/A1, /B, and /E PC particles were selected and analyzed using SPIDER and the associated display program WEB (46) .
Random Conical Tilt Reconstruction of Negatively Stained BoNT/A1, /B, and /E PCs. Micrograph tilt pairs of BoNT/A1, /B, and /E PCs were recorded at −55°a nd 0°. Particle pairs (BoNT/A1-PC: 15,507; BoNT/B-PC: 11,765; and BoNT/E-PC: 7,792) were selected interactively from the tilted and untilted images using WEB and windowed into 120 × 120 pixel images (3.5 Å/pixel). The untilted images were rotationally and translationally aligned and subjected to 10 cycles of multireference alignment and K-means classification using no designated initial reference.
BoNT/A1 PC particles were grouped into 4, 5, 25, 50, 75, 100, 200, and 300 classes. An initial 3D reconstruction was done using the tilted particles (2,550) associated with one average from the five group classification (Fig. S8, black  star) . The initial 3D reconstruction was done by back projection using the inplane rotation angles determined by rotational alignment and the preselected tilt angle of 55°implemented in the processing package SPIDER. To increase the number of particles included in the 3D reconstruction, 5,019 tilted images plus 500 nontilted images associated with a class average in the 4-group alignment (Fig. 2B) were used to further refine the structure using angular refinement in SPIDER. Using a Fourier shell correlation (FSC) = 0.5 criterion the resolution is ∼15 Å (Fig. S9A) ; however, the lack of any secondary structural details in our map suggests that the resolution more likely falls closer to 20 Å.
Twelve classes were selected from the class average of 50 for additional multireference alignment (Fig. S1, black dots) . A class of 1,114 particles showing a prong orientation (Fig. 2C , black star) was used to calculate an initial 3D reconstruction by back projection using the same variables described above. The resulting density map was used for the back projection and angular refinement in SPIDER. Ten percent of the untilted particles were included in the data set (115 particle images) and angular refinement was repeated. Using a FSC = 0.5 criterion, the resolution is ∼15 Å (Fig. S9B) ; however, examination of structural features in the density map suggests the resolution is closer to 20 Å or higher.
BoNT/B PC particles were grouped into 75 classes. Nineteen classes were selected from the class average of 75 for additional multireference alignment (Fig. S5, black dots) . A class of 2,614 particles (Fig. 4B, black star) was used to calculate an initial 3D reconstruction by back projection using the same variables described above. The resulting density map was used for the back projection and angular refinement in SPIDER. Ten percent of the untilted particles were included in the data set (260 particle images) and angular refinement was repeated. Using a FSC = 0.5 criterion, the resolution is ∼15 Å (Fig. S9C) ; however, the lack of any secondary structural details in our map suggests that the resolution more likely falls closer to 20 Å. Although the FSC curves for BoNT/A1 and /B PCs initially approach 0 correlation as is expected, at the highest resolution the curves once again begin approaching 0.5 correlation or higher. We attribute this to artifacts created by the large amount of noise generated by the flexible third arm that could not be resolved in the maps.
BoNT/E PC particles were grouped into 10 classes using reference-free alignment. Four classes were selected as references for an additional round of multireference alignment (Fig. S6, black dots) . A 3D structure was calculated using back projection from the tilted images associated with a class of 692 particles from the initial alignment (Fig. S6, black star) as an initial model for angular refinement of 4,518 tilted images plus 450 nontilted images from a class generated in the reference-based alignment (Fig. 5, black star) . Using a FSC = 0.5 criterion, the resolution is ∼15 Å (Fig. S9D) ; however, the lack of 
